We synthesized a pentamine (3-3-3-3) and two hexamine (3-3-3-3-3 and 3-4-3-4-3) analogues of the natural polyamine, spermine (3-4-3) and studied their effectiveness in condensing pGL3 plasmid DNA, using light scattering and atomic force microscopic (AFM) techniques. The midpoint concentration of the polyamines on pGL3 condensation (EC 50 ) was 11.3, 10.6, 1.5, 0.49 and 0.52 mM, respectively, for 3-4-3, norspermine (3-3-3), 3-3-3-3, 3-3-3-3-3 and 3-4-3-4-3 in 10 mM Na cacodylate buffer. Dynamic laser light scattering study showed a decrease in hydrodynamic radii of plasmid DNA particles as the number of positive charges on the polyamines increased. AFM data showed the presence of toroids with outer diameter of 117±191 nm for different polyamines, and a mean height of 2.61 T 0.77 nm. AFM results also revealed the presence of intermediate structures, including those showing circumferential winding of DNA to toroids. The dependence of the EC 50 on Na + concentration suggests different modes of binding of spermine and its higher valent analogues with DNA. Our results show a 20-fold increase in the ef®cacy of hexamines for DNA condensation compared to spermine, and provide new insights into the mechanism(s) of DNA nanoparticle formation. These studies might help to develop novel nonviral gene delivery vehicles.
INTRODUCTION
The compaction of DNA to nanoparticles is a biologically important phenomenon involved in the packaging of DNA in virus heads and the cell nucleus, as well as in the development of nonviral gene delivery vehicles (1±5). A large number of cationic molecules, including cationic lipids, polyaminolipids, dendrimers and polyethylenimine, are currently under development as nonviral gene delivery vehicles (1,6±10) . The ®rst step in the mechanism of action of these molecules is the condensation of DNA to nanoparticles, which can be transported through the cell membrane by endocytosis and/or by other mechanisms that are not well de®ned at present (1,8,10±13) .
Detailed studies of DNA condensation were ®rst conducted with the natural polyamines, spermidine and spermine using electron microscopy (EM) and light scattering techniques (14± 18). Polyamines are ubiquitous cellular components and are believed to play important roles in cellular functions, including the packaging of DNA in virus heads (19, 20) . Polyamine± DNA interactions have been modeled on the basis of electrostatic interactions between the positively charged amino and imino groups of polyamines and the negatively charged phosphate groups of DNA (21) . Liquid crystalline textures, including ®ngerprint textures of the cholesteric phase and columnar hexagonal phase, have been identi®ed in DNA± polyamine complexes formed at high (>1 mg/ml) concentrations of DNA (2,22±24). At very low (~1 mg/ml) DNA concentrations, nanometric DNA particles are formed in the presence of spermidine, and these particles appear as toroids, spheroids and rods when visualized by EM (14±17, 25) . Dynamic light scattering (DLS) studies showed a hydrodynamic radius of 40±60 nm for these particles in solution (1, 16, 18, 26) . EM and atomic force microscopy (AFM) revealed the presence of intermediates, including¯ower-like and spaghetti-like structures during the formation of toroids and spheroids as end products of DNA condensation (1,27± 31) . A recent investigation using freeze-fracture EM showed a hexagonal packaging arrangement of DNA in toroids (32) . However, this study was done with Co(NH 3 ) 6 3+ as the condensing agent. Although investigations with Co(NH 3 ) 6 
3+
have provided valuable information on the physical chemical aspects of DNA condensation (1, 18, 32) , cationic molecules used in developing gene delivery vehicles are organic cations, *To whom correspondence should be addressed. Tel: +1 732 235 8460; Fax: +1 732 235 8473; Email: thomastj@UMDNJ.edu such as polyamine-derivatized lipids, polyethylenimine, and dendrimers (1) . In addition, most of the reported EM and AFM studies were performed on dried DNA samples that could introduce artifacts on drying as well as by uranyl acetate staining of DNA for EM.
Investigations into the ionic and structural effects of oligoamines (polyamine analogues with a higher positive charge than that of spermine) on the condensation of DNA are lacking at present. In addition, long chain polyamines, such as polyethylenimine are being studied for their ability to promote DNA condensation and gene delivery, although oligoamines of intermediate charge density have received little attention (1). Such molecules might ®nd application in gene delivery vehicles, including the transport of therapeutic oligonucleotides in cancer cells (33) . In this study, we synthesized a pentamine and two hexamine analogues of spermine and examined their ef®cacy in provoking the condensation of a plasmid DNA, pGL-3, using light scattering and AFM techniques. Our results show that the higher valent polyamine analogues are more ef®cient than spermine in the induction and stabilization of DNA nanoparticles. AFM studies demonstrate the presence of toroidal condensates in the presence of polyamine analogues.
MATERIALS AND METHODS
Plasmid DNA and polyamines PGL-3 luciferase control vector (5256 bp), which contains the SV40 promoter and enhancer sequences, was purchased from Promega (Madison, WI). The integrity of the plasmid DNA was checked with 1% agarose gel electrophoresis followed by ethidium bromide staining. The results indicated that the plasmid was >90% supercoiled. The plasmid DNA was dissolved in 10 mM Na cacodylate buffer (pH 7.2) containing 0.5 mM EDTA (Na cacodylate buffer), dialyzed from the same buffer, and stored at 4°C. The concentration of the plasmid DNA was determined by measuring the absorbance at 260 nm. Molar DNA phosphate concentration was calculated using a molar extinction coef®cient of 6900 M ±1 cm ±1 . Buffer solutions were ®ltered through 0.22 mm Millipore ®lters.
Spermidine.3HCl and spermine.4HCl were purchased from Sigma Chemical Co. (St Louis, MO). Polyamine analogues, 1,11-diamino-4,8-diazaundecane (3-3-3), 1,15-diamino-4,8,12-triazapentadecane (3-3-3-3), 1,19-diamino-4,8,12,16-tetraazanonadecane (3-3-3-3-3), and 1,21-diamino-4,9,13,18-tetraazaheneicosane (3-4-3-4-3) were synthesized by us, as described previously (33) . Elemental analysis, NMR, HPLC and mass spectrometry con®rmed the chemical structure and purity of polyamine analogues. The protonated chemical structures of the polyamines used in this study are shown in Figure 1 . Stock solutions of these polyamine analogues were prepared in double distilled water and appropriate dilutions made in 10 mM Na cacodylate buffer, pH 7.2.
Total intensity light scattering
DNA condensation experiments were performed in 10 mM Na cacodylate buffer, as described previously (26) . The monovalent salt concentrations of the buffer were adjusted using 1 M NaCl stock solutions. Polyamine stock (1±10 mM) solutions were added to DNA solution (1.5 mM) to obtain the desired polyamine concentration in a total volume of 2 ml. The samples were mixed with a vortex mixer for several seconds, and kept undisturbed for a period of 1 h at 22°C to attain equilibrium. The solution was then centrifuged at 500 g for 30 min at 22°C to avoid variations due to aggregates or dust particles. The centrifugation step had no effect on the DNA concentration, as con®rmed by measuring the absorbance of DNA at 260 nm before and after centrifugation. Light scattering experiments were performed using a Fluoromax-2 spectro¯uorometer. Light from a 150 W Xenon lamp was ®ltered through double monochromators. The excitation and emission monochromators were set to the same wavelength of 305 nm with a 5 nm bandpass, the integration time set to 5 s, and the scattered light collected at a 90°angle with respect to the incident beam.
Dynamic laser light scattering
We used DynaPro dynamic laser light scattering equipment (Protein Solutions, Lakewood, NJ) with a temperature controlled micro sampler for determining the diffusion coef®cients of DNA nanoparticles formed in the presence of different polyamines. DNA solutions were prepared, mixed with polyamine solutions, and 50 ml of the mixture was transferred to the standard quartz cuvette, and scattered light measured at a 90°angle to the incident beam. For monodisperse particles much smaller than the incident beam, the autocorrelation function is given by the equation:
where g (1) (t) is the autocorrelation function, (t) is the decay time and q is the scattering vector [= (4p n/l 0 ) sinq/2], which is a function of solvent refractive index n, the wavelength of the incident beam l 0 , the scattering angle q, and the diffusion coef®cient D. The hydrodynamic radius (R h ) is calculated from the diffusion coef®cient using the Stokes-Einstein equation:
where k is the Boltzmann constant and T is the absolute temperature in Kelvin. Variability of the data was controlled by programing the software to reject runs with standard deviations higher than 5%.
Atomic force microscopy
The AFM images were acquired on a Nanoscope III microscope (Digital Instruments, Santa Barbara, CA). Plasmid DNA was incubated with the appropriate concentrations of polyamine analogues in 10 mM Na cacodylate buffer for 1 h and deposited onto a freshly cleaved mica surface. The AFM head, equipped with a¯uid cell, was placed on top of the scanner (J-scanner, Digital Instruments) and more samples added through the¯uid cell. Imaging was done in tapping mode in liquid. Cantilevers (NP-S, Digital Instruments) with a nominal spring constant of 0.32 N/m were used at an oscillation frequency of~9 kHz.
Image analysis was performed using Nanoscope software after removing the background slope by¯attening images. Height and outer diameter of the toroids were measured using the Nanoscope software. Data are given as mean T standard error of the mean (S.E.M.).
RESULTS

Static light scattering
We ®rst determined the ef®cacy of different polyamines to condense DNA by total intensity light scattering using a Fluoromax-2 spectro¯uorometer. Figure 2 shows typical plots of the scattered light intensity of the DNA solution in the presence of different concentrations of polyamines. The scattered light intensity was low in the absence of polyamines; however, a marked increase in the intensity of the scattered light occurred at a critical concentration of each polyamine, due to the formation of condensed DNA particles (26) . The increase in the scattered light intensity was concentrationdependent up to a certain concentration of the polyamine, and then leveled off at higher concentrations. Similar scattering pro®les were obtained when samples were analyzed after 1±2 h of equilibration. The ef®cacy of different polyamines on DNA condensation was quanti®ed by determining the EC 50 value, the concentration of a polyamine at the midpoint of DNA condensation. In the presence of 10 mM Na + concentration, the EC 50 values were 11.3 T 0.3, 10.6 T 1.3, 1.5 T 0.27, 0.49 T 0.05 and 0.52 T 0.1, respectively, for 3-4-3, 3-3-3, 3-3-3-3, 3-3-3-3-3 and 3-4-3-4-3 (Table 1 ). This result indicates that the pentamine and hexamine analogues are more ef®ca-cious than spermine in condensing the plasmid pGL3. However, there was no signi®cant difference in the EC 50 values (Table 1) between the two tetramines (3-4-3 and 3-3-3) or between the hexamines (3-3-3-3-3 and 3-4-3-4-3) used in our study, indicating that chemical structural differences of isovalent polyamines may have no signi®cant effect on EC 50 values when the charge separation differed by one methylene group.
Hydrodynamic radii of DNA condensates
We next determined the diffusion coef®cient of DNA condensates with dynamic laser light scattering equipment and calculated the hydrodynamic radius using the StokesEinstein equation. The results are summarized in Table 2 . Dynamic light scattering measurements indicated the presence of compact particles with hydrodynamic radii in the range of 50±95 nm. The diffusion coef®cient of these particles varied from 2.4 to 4.5 Q 10 ±8 cm 2 /s. There was a 2-fold decrease in the hydrodynamic radius of the particles as the condensing agent was changed from tetramine (3-4-3) to hexamine (3-4-3-4-3). The nanometric particles produced in the presence of 3-4-3-4-3 were smaller than those produced with 3-3-3-3-3 (67 T 6.4 versus 51 T 1.6 nm).
We also tested the effects of increasing DNA concentration on the hydrodynamic radii of the condensed particles. A 4-fold increase (from 1.5 to 6 mM) in DNA concentration resulted in condensed particles with hydrodynamic radii of 75±105 nm, when spermine was used as the condensing agent. Intermolecular association becomes dominant at higher DNA concentrations, yielding larger condensates. Hence, the majority of our experiments were performed at a low DNA concentration (1.5 mM), to minimize the formation of intermolecular aggregates. Under these conditions, there were no signi®cant differences in the diffusion coef®cients of the condensates when measurements were done within 1± 2 h of mixing, indicating that the system is equilibrated within this time period.
Structural morphology of DNA condensates by AFM
In order to determine the morphology of the DNA condensates formed in the presence of polyamines, we used an atomic force microscope with tapping mode in solution. Figure 3 shows an image of the plasmid DNA condensates formed with 2 mM of 3-3-3-3-3. AFM revealed the presence of individual toroids, circular DNA and a network of toroids. Figure 3 also shows the presence of linear strands and loop-like structures, which are intermediates in the condensation of the DNA. The inset in Figure 3 shows an individual toroid staying on its side, indicating that surface attachment is not a requirement for toroid formation. Similar structures were formed with other polyamines used in this study. Representative toroids, intermediates and toroidal aggregates formed in the presence of The dimensions of well-developed toroids were measured using the Nanoscope software. The outer diameter varied from 117 to 191 nm (Table 3 ). There was a decrease in outer diameter of the toroids as the size and charge of the polyamine increased. This result suggests that altering the nature of the polyamine used in condensation can control the size of the DNA nanoparticle. Multimolecular toroids with much larger structures were also found along with the individual toroids (data not shown).
The average height of all toroids, including those formed with spermine to hexamines, was 2.61 T 0.77 nm (28 toroids were measured). Individual heights varied from 1.5 to 4.2 nm. It is important to note here that the heights of these toroids are signi®cantly lower than that expected from a theoretical calculation, based on the 2 nm theoretical diameter of DNA. This is a limitation of AFM measurements in tapping mode [(34), please see Discussion].
Effect of salt concentration
Previous studies by others (16) and us (26) have shown that the EC 50 values of tri-and tetravalent polyamines increased with the concentration of monovalent ions, such as Na + , in the medium. We therefore determined the salt dependence of the EC 50 using the following concentrations of Na + in the buffer: 10, 25, 50, 75 and 100 mM. Plots of scattered light intensity versus polyamine concentrations were generated for each polyamine at each of the NaCl concentrations to determine the EC 50 values. We then plotted the log[EC 50 ] values against log[Na + ] (Fig. 5) . Within experimental error, these plots were linear over the entire range of Na + concentration in the case of spermine and 3-3-3, with slopes of 0.89 and 1.02, respectively. However, two linear regions were observed for the pentamine and hexamines, the slope of the plot at 10±50 mM Na + concentration was 0.52 for 3-3-3-3 and~0.23 for the hexamines. At higher Na + concentrations, the slope values were 2, 2.5 and 3.2 for 3-3-3-3-3, 3-4-3-4-3 and 3-3-3-3, respectively ( As can be seen from Table 1 , the higher valent polyamines, 3-3-3-3, 3-3-3-3-3 and 3-4-3-4-3 are very ef®cient in compacting plasmid DNA to nanoparticles. The charge of the condensing agent has a profound in¯uence on the size of the particles formed. The hexamines provoked the formation of more toroidal structures than that by the pentamine, which in turn was better than spermine. The size of the particles decreased with an increase in the charge of the condensing agent. The hexamine analogues condensed DNA to an average hydrodynamic diameter of 118 nm, compared to that of 191 nm for spermine-condensed DNA. In general, the hydrodynamic diameter determined by dynamic laser light scattering and the outer diameter of the toroids measured by the Nanoscope software of the AFM are comparable (Tables 2 and 3) , and the data show a consistent decrease in size of the particles as the charge of the polyamine molecule increased.
Our results using AFM are comparable to those reported by other investigators using this method, although different DNA samples and condensing agents were used. For example, Golan et al. (29) measured the dimensions of toroids prepared from pCMV luciferase DNA and poly-L-lysine (PLL) or PLLasialoorosomucoid (AsOR) conjugate, and reported the height and outer diameter of the toroids as 3.7 T 0.1 and 142 T 3.1 nm, respectively. The height of toroids measured in our study is 2.61 T 0.77 nm. This value is averaged from measurements for all toroids, provoked by spermine to hexamines. The outer diameter of the toroids measured by us varied from 118 to 191 nm, depending on the charge of the Figure 5 . In the case of spermine and norspermine, a straight line could be constructed over the entire range of Na + concentrations used. However, in the case of higher polyamine analogues, two straight lines were drawn (Fig. 5) , and two slopes calculated. b No separate slopes were determined, as a straight line was obtained over the entire range of Na + concentrations.
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polyamine used in our study. Lin et al. (24) found an average outer diameter of 120 T 15 nm for toroidal structures formed from l-DNA (48 kb) and spermidine. Golan et al. (29) also found several rods under the conditions of their experiment; the height and widths of these rods were 3.9 T 0.2 and 50.7 T 1.7 nm, respectively. These authors proposed an arrangement of DNA in parallel rows in toroids, a mechanism consistent with a folding model for DNA condensation. They also proposed that the folding of rods into toroids could have formed some of the toroids. Such a mechanism has also been proposed by Dunlap et al. (31) , who studied the formation of toroids from plasmid DNAs in the presence of didodecylamidoglycylspermine (DOGS) in ethanol or polyethylenimine. The binding af®nity and cross-linking tendency of the condensing agent might affect the¯exibility of DNA strands and packing density of toroids. Other factors, such as local concentration of condensing agent, temperature, pH and the presence and concentration of monovalent ions may also play important roles for the development of toroids.
It is interesting to note here that the height of toroids measured in this study and that reported by other investigators is lower than that expected on the assumption that toroid formation does not require a surface to initiate the process. For a 6832 bp plasmid DNA, Golan et al. (29) found a toroid height of 3.7 T 0.1 nm, compared to a height of 0.3 T 0.1 nm for the uncondensed molecule. Lin et al. (24) found discontinuity in the height distribution of toroids formed from l-DNA, with heights of 11 T 4, 20 T 5, 30 T 6 and 40 T 3 nm, measured in multiple Gaussian simulations at the four highest points of the toroids. In a recent study, Sitko et al. (45) reported the width of dense bundles of poly(dG-dC).poly(dGdC) (~800 bp) as 22 T 6 nm, with maximum heights of~4± 8 nm. They also estimated~6±8 parallel molecules of the polynucleotide at the thinner regions of the bundle and 15±20 molecules at the thicker regions of the bundle. These height values are much lower than that expected from condensates composed of several DNA molecules. In fact, the AFM measured height values of single DNA molecules are almost always lower than the theoretical DNA diameter of 2 nm, and the problem associated with this discrepancy has been the topic of a recent publication (34) . From a detailed study using non-contact tapping mode in air and jumping mode in aqueous solution, Moreno-Herrero et al. (34) concluded that a major factor contributing to the low height values of DNA is the presence of a salt layer around DNA on the mica surface. In addition, the elastic deformation induced by tip-sample interaction and the compression of the molecule caused by the attractive forces between DNA and the substrate contribute to the reduction in measured height of DNA. The toroid height (2.61 T 0.77) measured in our study is lower than the theoretical value because of the above mentioned limitations in using AFM for height measurements of biological macromolecules.
Polyamine±DNA interaction has been previously modeled on the basis of the counterion condensation theory developed by Manning (46) and Record et al. (47) . This theory predicts a direct relationship between DNA charge neutralization and the concentrations of the monovalent and multivalent ions (16, 26, 48, 49) . Assuming a ®xed fraction of charge on the DNA is neutralized, Manning's theory predicted a power law relationship between the concentration of free polyamines in solution and monovalent ion concentration, independent of the nature of the DNA. The salt dependence of the EC 50 values of spermine and norspermine (3-3-3) followed a straight line relationship, within experimental error, when log[EC 50 ] was plotted against log[Na + ], with slope values of~1 (Table 4) over the range of Na + concentrations studied. In contrast, two linear regions were observed for the pentamine and hexamines. At ionic strengths between 50 and 100 mM Na + , the experimental relationship between polyamine concentration and Na + concentration obeys the power law with a slope value of 2.5±3.2, which falls between the predicted range of 1 and 6 for the hexamines. But at lower Na + concentrations, it deviates from the power law. At low salt concentrations, the bound fraction of polyamines is comparable or even larger than free polyamines in solution. Since the relationship holds true only for the concentration of free polyamines in solution, the plots deviate from Manning's simpli®ed one variable treatment. The deviation was more prominent for the higher valent polyamine analogues than that for the lower valent cations, like spermidine and spermine, probably due to the higher binding af®nity of the hexamine and pentamine analogues to DNA.
Several models of polyamine binding to DNA were based on the direct electrostatic interactions between the positive charges of polyamine and the negative charges of DNA (50, 51) . The binding may depend on the distance between the positive charges on the polyamine relative to the distance between the negative charges of the DNA phosphates. Our previous study (26) on DNA compaction by a series of tetraamine homologues of spermine, differing in the number of methylene groups between the secondary amino groups, demonstrated the structural effects of polyamines on the size of the condensates. Studies on the effect of spermidine on DNA compaction by Baase et al. (52) indicated that crosslinking by polyamine is required for DNA compaction. Polyamine homologues exhibited signi®cant differences in their ability to aggregate and condense genomic DNA and oligonucleotides (53) . X-Ray diffraction studies of DNA condensates indicated that the Bragg spacing and interhelical spacing depend on the nature of the counterion (54) . The Bragg spacing was in accordance with the model in which the amine groups make contact with the phosphate groups of different helices with fully extended aliphatic chains. Suwalsky et al. (55) proposed a cross-linked model, which assumed that the trimethylene spacing of 0.49 nm is suitable to interact with the adjacent phosphate groups while the tetramethylene spacing of 0.614 nm is suitable to bridge between different duplex strands. Molecular mechanics calculations (56) further predicted folding of DNA strands over the polyamines, while a recent molecular dynamics simulation study predicted differences in the nature of interaction between natural and synthetic polyamines with DNA (57) . AFM of DNA complexes with dendronized polymers indicate that DNA wraps around dendronized polymers and the calculated pitch decreased with increase in the linear charge density of the polymer (58) . Increasing the number of methylene groups of the polyamine may also enable them to wrap around the DNA molecule instead of being localized in the DNA major groove.
Among the polyamine analogues with the same charges, smaller ions produce more tightly packed condensates (26) .
Decrease in the size of the condensates with an increase in the charge of the condensing agent can be due to a decrease in the interhelical spacing. Since toroidal volume is proportional to molecularity, a decrease in the size of the condensates can also be attributed to a decrease in the molecularity of the condensates. According to the model proposed by Manning for cation-induced DNA condensation, DNA bends spontaneously at a critical fraction of charge neutralization leading to the formation of toroids (59). Hud et al. (60) proposed a model in which DNA in toroids is organized within a series of equally sized contiguous loops around the toroid axis. Noguchi et al. (61) suggested that formation of toroids is an example of coil±globule transition. Toroid formation is also considered as a self-assembly process in which toroids can be formed by wound DNA or by the bending of rods. Using AFM, Dunlap et al. (31) observed individual DNA strands separated by~3.2 nm in the condensed state. Our AFM measurements indicate that polyamine analogues compact DNA into toroidal structures. Non-toroidal forms, including rods and U-shaped structures were also observed along with the toroids. Our results provide evidence for the spooling of DNA to form toroids (Fig. 4D) .
In summary, our data demonstrate that higher valent polyamines are capable of provoking DNA compaction into nanometric particles. Among the polyamine analogues, hexamines were more ef®cient than pentamines, which in turn were more ef®cient than tetramines in provoking nanoparticle formation, indicating the predominant role played by electrostatic interactions between protonated polyamines and DNA. The charge of the polyamines also in¯uenced the size of the condensates, showing a decrease in the size of the particles as the charge of the polyamine increased. The salt dependence of the midpoint concentration of pentamine and hexamines suggests that the overall charge neutralization of DNA decreases with an increase in monovalent ion concentration in solution. Investigations into the formation and stability of toroids under different ionic conditions are important to optimize conditions under which nonviral gene therapy vehicles can be effective.
